RNAs, such as mRNA, rRNA and tRNA, are essential macromolecules for cell survival and maintenance. Any perturbation of these molecules, such as by degradation or mutation, can be toxic to cells and may occasionally induce cell death. Therefore, cells have mechanisms known as quality control systems to eliminate abnormal RNAs. Although tRNA is a stable molecule, the anticodon loop is quite susceptible to tRNA-targeting RNases such as colicin E5 and colicin D. However, the mechanism underlying cellular reaction to tRNA cleavage remains unclear. It had long been believed that tRNA cleavage by colicins E5 and D promptly induces cell death because colony formation of the sensitive cells is severely reduced; this indicates that cells do not resist the tRNA cleavage. Here, we show that Escherichia coli cells enter a bacteriostatic state against the tRNA cleavage of colicins D and E5. The bacteriostasis requires small protein B (SmpB) and transfer-messenger RNA (tmRNA), which are known to mediate trans-translation. Furthermore, another type of colicin, colicin E3 cleaving rRNA, immediately reduces the viability of sensitive cells. Moreover, nascent peptide degradation has an additive effect on bacteriostasis. Considering the recent observation that tRNA cleavage may be used as a means of cell-to-cell communication, tRNA cleavage could be used by bacteria not only to dominate other bacteria living in the same niche, but also to regulate growth of their own or other cells.
INTRODUCTION
RNA is an essential biological macromolecule, and the basic functions that are important for the maintenance of life require it. For example, genetic information is copied to mRNA, scanned by rRNA, and translated into polypeptide chains. tRNA is an adaptor molecule that converts the codons in mRNA into amino acids, bringing the appropriate amino acid to the A-site of a ribosome. Therefore, abnormalities in these RNA molecules, such as mutations or accidental degradation, should be toxic to host cells, and cells possess several mechanisms to guard against such undesirable situations. In eukaryotes, ribosomes with deleterious mutations in their rRNA are rapidly degraded (Fujii et al., 2009 (Fujii et al., , 2012 LaRiviere et al., 2006) . Moreover, ribosomes scan mRNAs for premature termination codons and target them for degradation (Losson & Lacroute, 1979; Maquat et al., 1981) . Similarly, mRNAs without stop codons are also eliminated van Hoof et al., 2002) . These degradation pathways are recognized as quality control mechanisms for rRNA and mRNA, and are termed nonfunctional rRNA decay (NRD), nonsense mRNA-mediated decay (NMD) and non-stop decay (NSD), respectively. Prokaryotes possess mRNA quality control systems that are distinct from those of eukaryotes; aberrant mRNAs are tagged to be poly-adenylated and degraded (Hajnsdorf et al., 1995; Ingle & Kushner, 1996; O'Hara et al., 1995) . On the other hand, there is an inherent system in eubacteria called trans-translation that corresponds to the NSD system of eukaryotes. Transfer-messenger RNA (tmRNA) and small protein B (SmpB) are involved in the system; they mediate the recycling of ribosomes stalled on mRNA and degrade nascent peptides (Himeno et al., 2014) . Many studies on how cells cope with the aberrant mRNAs and ribosomes have been carried out. However, the action taken by cells against the accumulation of non-functional tRNAs, and the fate of those cells, are poorly understood. Although tRNAs form tightly packed structures, the anticodon loop is exposed and is highly susceptible to cleavage by nucleases. Such nucleases include the tRNA-targeting RNases colicin E5 and colicin D (Ogawa et al., 1999; Tomita et al., 2000) . Colicin is a plasmid-borne protein toxin, and its expression is induced by, for example, the SOS response, the stringent response and nutrient depletion. Prolonged colicin expression provokes the lysis of the producing cells, and colicin is released into the medium. The colicin then enters sensitive Escherichia coli cells via a specific receptor and attacks target factors such as rRNA or genomic DNA (James et al., 1996) . Colicin E5 and colicin D are produced as complexes with their specific inhibitors, ImmE5 and ImmD, respectively, and they bind to specific receptors, BtuB and FepA, respectively, on the surface of the sensitive cells. Subsequently, after dissociation from the Imm proteins, their C-terminal RNase domains (CRDs) are cleaved, allowing them to translocate into the cytoplasm. We have previously reported that colicin E5 and colicin D are unique RNases targeting the anticodon loops of specific tRNAs, and impairing protein synthesis in sensitive E. coli cells. Colicin E5 cleaves the anticodons of tRNA Tyr , tRNA His , tRNA Asn and tRNA Asp between the first and second positions (Ogawa et al., 1999) . Colicin D cleaves all four isoaccepting tRNA Arg molecules at the 39 end of the anticodon loop (Tomita et al., 2000) . It was thought that E. coli cells attacked by colicin E5 or colicin D were immediately killed, as the sharp decline in their c.f.u. would seem to suggest. However, the c.f.u. data only indicate the final fate of the cells and do not provide any information about possible involvement in opposition to tRNA cleavage. We unexpectedly found that the cells were not immediately killed, but their growth was statically impaired when the active domains of colicin E5 or colicin D (E5-CRD and D-CRD, respectively) were ectopically expressed in Saccharomyces cerevisiae cells; the target tRNAs were completely cleaved in half by the tRNA cleavage activity of E5-CRD and D-CRD (Ogawa et al., 2009; Shigematsu et al., 2009) . Additionally, proliferation of the yeast cells was restored when the expression was repressed or the cognate inhibitor protein (Imm) was co-expressed. This indicates that tRNA cleavage does not necessarily induce cell death, at least not in yeast cells. This may account for the ability to arrest the cell cycle that is inherent in eukaryotes, including yeast. Yeast cells arrest the cell cycle at a specific phase upon detection of DNA damage, during reproduction or after exposure to some stresses. However, it remains unclear whether tRNA cleavage is bactericidal to prokaryotes, as they lack an apparent system of cell cycle regulation. Generally, cell viability is evaluated by counting c.f.u., determined by the number of colonies formed on a solid medium. However, c.f.u. determination does not seem to be sufficient to evaluate cell viability. For example, bacteria enter a specific phase known as the viable but non-culturable state (VBNC) (Xu et al., 1982) , and they may be counted as 'dead cells' when measuring c.f.u. Alternatively, it is also likely that cell viability is maintained only for a short period. Another problem is that once the E5-CRD or D-CRD enter the cytoplasm, they are not excluded until they are completely degraded, as no efflux mechanism for them is known. Therefore, it seems difficult to control tRNA cleavage activity experimentally. We then prepared a mutant colicin D with a tRNA cleavage that was active only at a permissive temperature. This enabled us to control the tRNA cleavage activity within sensitive cells. Moreover, we thought it would be possible to assess how cells resist abnormal tRNAs, a main topic of this study. Cell viabilities over time were then determined, and we found that tRNA cleavage did not immediately reduce cell viability. Moreover, we found that the activities of SmpB and tmRNA are required for bacteriostasis, indicating the contribution of trans-translation to the mechanism.
METHODS
Strains. The strains used in this study are summarized in Table 1 . The Keio collection (Baba et al., 2006) and the parent strain of E. coli K-12 BW25113 were provided by the National BioResource Project (NBRP), NIG, Japan. The DssrA strain (Komine et al., 1994) , and the pMWssrA and pMWssrA-DD plasmids (Nakano et al., 2001) were kindly provided by Professor Hyouta Himeno (Hirosaki University).
Plasmid construction. Construction of a plasmid expressing colicin D with mutations in the D-CRD-coding sequence is summarized in Fig. S1 (available in the online Supplementary Material). A DNA fragment carrying immD and a chloramphenicol resistance gene was inserted into the vector pTV118N and amplified by PCR. The frag- ) were screened for altered colicin activities depending on temperature. The colicin mutant genes of interest were further characterized after transferring to the WT plasmid ColD-Km (Tomita et al., 2000) with E. coli K-12 RR1 as the host.
Expression and purification of colicin/Imm complexes. An overnight culture of E. coli RR1 cells harbouring ColD-Km and its derivative, encoding colicin D (Y609N)/ImmD, in 10 ml L-broth was diluted with 1 l L-broth and cultivated at 37 uC. When the OD 660 reached 0.8, 0.4 mg mitomycin C ml 21 was added and the cells were further cultivated for 1 h. The cells were then collected, suspended in 20 mM potassium phosphate (pH 7.0) and sonicated. Polyethyleneimine was then added to the supernatant to precipitate nucleic acids. After dialysis against 20 mM potassium phosphate (pH 7.0), the cell lysate was loaded onto a DEAE 650S column equilibrated with 20 mM potassium phosphate (pH 7.0), and a colicin D/ ImmD complex was eluted with a gradient of 0.5 M KCl. We applied a method described previously for the preparation of colicin E3/ImmE3 and E5/ImmE5 (Masaki & Ohta, 1985; Ogawa et al., 1999) . , respectively. Bacterial cells were sampled from the culture medium at specific time intervals. After several dilutions with L-broth, cells were mixed with soft agar and plated. The plates were incubated at 42 uC until colonies became visible, and then c.f.u. were determined. The quantities of WT and temperature-sensitive (ts) colicin to be added were normalized using the spot test (Fig.  S2b) , so that the two colicins would show the same activity of growth impairment. To assess the resistance of cells lacking a translationassociated factor, 42 mg colicin D (Y609N)/ImmD ml 21 was added and the cells were further cultivated at 30 uC for 120 min; the bacteriostatic behaviour of the sensitive cells is shown in Fig. 1 Northern hybridization. E. coli RR1 was challenged with colicin D/ ImmD or colicin D (Y609N)/ImmD, using the method described above. Following addition of the colicins, cells were harvested at the period indicated. Cells without the addition of colicin D/ImmD were cultivated for 60 min and used as a control. Total RNA was prepared using ISOGEN (Nippon gene), and 1 mg was loaded onto 10 % denaturing gel. After electrophoresis, Northern hybridization was performed, as described previously (Tomita et al., 2000) . The probe used here had the following sequence: tRNA-Arg (ICG) 59-CCTCCGACCGCTCGG-39.
LIVE/DEAD staining. To normalize the activity of colicins D, E3 and E5, killing activities were plotted against concentration of these colicins, and 8 mg colicin D/ImmD ml 21 , 36 ng colicin E3/ImmE3 ml 21 or 17.6 ng colicin E5/ImmE5 ml 21 , which corresponds to a killing activity of 5.2, was added. Killing activity was determined as follows: killing activity52ln (S/S 0 ), where S and S 0 are the c.f.u. of E. coli RR1 cells with and without colicins, respectively (Fig. S3 ). Viability tests of E. coli K-12 W3110 cells against colicins D, E3 or E5 were performed, as described above. Subsequently, 8 ml bacterial culture was sampled and stained using a LIVE/DEAD Bac Light Bacterial Viability kit (Life Technologies) according to the manufacturer's recommendations, and then fluorescent microscopic analysis was carried out. In each experiment, cell number at each time point was calculated according to the median value of three independent microscopic fields, and the experiment was repeated three times. Viabilities shown in Figs. 3 and 4 were determined as follows: 
RESULTS
tRNA cleavage does not induce 'sudden death' of sensitive cells First, to obtain ts colicin D, the gene encoding D-CRD was randomly mutagenized, and the fragment was substituted for WT D-CRD (Fig. S1 ). To verify that the gene fragment encoding D-CRD had been successfully inserted, the immD-coding region was replaced with the ORF of the kanamycin (Km) resistance gene (Km r ), and the resultant plasmid was introduced to cells expressing immD from the chromosome. As the expression of ImmD is translationally coupled with colicin D, the expression of the replaced kan gene guarantees normal translation of colD down to the end. The colicin D produced from the plasmid may contain random mutations within D-CRD, and those defective in the growth impairment activity at 42 uC were screened. Among the 577 Km-resistant clones identified, 41 clones expressed ts colicin D, and the clone retaining the highest activity of growth impairment at 30 uC was selected. Sequence analysis of the D-CRD-coding region identified a single nucleotide substitution (changing the TAT codon to AAT), which results in amino acid conversion from tyrosine to asparagine at position 609 (Fig. S4) . The ts nature of colicin D (Y609N) was further examined by stab and spot tests (Fig. S2) . A clear halo was produced by colicin D (Y609N) at 30 uC, but was absent at 42 uC (Fig. S2a) . Colicin D (Y609N) is capable of completely impairing the growth of sensitive cells, although its activity was low compared with that of WT colicin D, as indicated by the spot test (Fig. S2b) .
The effects of colicin D (Y609N) and WT colicin D on the viability of sensitive E. coli cells were compared, and the status of cells after the colicin treatment was analysed (Fig. 1a) . Here, plated cells were incubated at 42 uC to allow colony formation so that ts colicin D would be active only within the period indicated. The amounts of WT colicin D and colicin D (Y609N) to be added were normalized by activity using a serial dilution spot test at 30 uC (Fig. S2b) . As shown in Fig. 1(a) , after treatment with WT colicin D, the c.f.u. immediately decreased, dropping to nearly 1/1000 of the previous level. However, when colicin D (Y609N) was administered, cell proliferation gradually decreased, and the c.f.u. remained constant for an additional 2 h. This may have been caused by incomplete tRNA cleavage activity, as suggested by the smaller specific activity of the ts colicin D than the WT (Fig. S2b) . The susceptibility of tRNA Arg ICG in these cells at each time point was determined by Northern hybridization. E. coli RR1 cells were challenged with colicin D or colicin D (Y609N), as shown in Fig. 1(a) . Total tRNA was prepared from cells at the time points indicated, and Northern hybridization was performed using a tRNA Arg ICG -specific probe (Fig. 1b) . Intact tRNA Arg ICG was almost completely converted to tRNA halves after 20 min of treatment with either colicin D or colicin D (Y609N) . Additionally, the intra-cellular level of intact tRNA Arg ICG was not restored in either group of cells for 2 h, sufficient for the bacteriostasis of ts colicin D-treated cells. Therefore, even though the effect of ts colicin D on growth impairment was smaller than that with the WT, as shown in Fig. S2 , the results of ts colicin observed in this study probably reflect those of WT colicin D. Considering these results, we concluded that tRNA cleavage per se does not immediately cause cell death, and that the sensitive cells enter a bacteriostatic state after completion of tRNA cleavage. When the WT colicin D was used, we only observed the final fate of the challenged cells through the colony-forming activity.
SmpB and tmRNA are required for the maintenance of bacteriostasis Although tRNA cleavage does not induce 'sudden death' of sensitive E. coli cells, the c.f.u. finally decreased after treatment with either WT or ts colicin D when colicin-treated cells were cultivated at 30 uC (data not shown). This suggests that there are factors that support the bacteriostatic state following tRNA cleavage, and that cells lacking these factors show an immediate decrease of c.f.u. even when challenged with ts colicin. Translation impairment by tRNA cleavage probably induces ribosome arrest, emergence of aberrant polypeptides and other deleterious effects. We then selected the relevant factors summarized in Table 2 and assessed the resistance of strains lacking each of these factors against colicin D (Y609N) (Fig. 2,  left panel) . During nutrient stress, RelE cleaves mRNA codons within the ribosomal A-site to reduce the translational activity (Pedersen et al., 2003) . In contrast, RtcB repairs the broken tRNA with 29,39-cyclic phosphate and 59-OH termini (Tanaka & Shuman, 2011) . However, DrelE and DrtcB strains showed almost complete resistance to ts colicin D. SmpB, ArfA and YaeJ are distinct ribosomerecycling factors that are well known; SmpB is an RNAbinding protein that interacts with tmRNA and mediates trans-translation (Handa et al., 2011; Karzai et al., 1999; Shimizu, 2012) . DarfA and DyaeJ strains slightly reduced the resistance, suggesting that ArfA and YaeJ partly contribute to the maintenance of bacteriostasis. Strikingly, the greatest statistically significant difference was found in the decrease of the resistance of the DsmpB strain, indicating that SmpB plays a principal role in bacteriostasis. This raises the possibility that trans-translation is required for bacteriostasis. We then assessed the viability of cells lacking ssrA, the gene for tmRNA (Keiler et al., 1996) , against ts colicin D and found that it was greatly reduced (Fig. 2, right panel) .
tRNA cleavage induces bacteriostatic state
Next, we investigated whether other toxins that impair translation allow the sensitive cells to enter bacteriostasis. We chose to examine colicin E3 and compared its effect on sensitive cells with the effects of colicin D. Colicin E3 is an RNase cleaving between A1493 and G1494 (E. coli numbering) in the decoding A-site of 16S-rRNA, thereby impairing translation (Bowman et al., 1971) . We determined the kinetics of the killing activity of sensitive cells at different colicin concentrations, and discovered the concentrations of colicin D and colicin E3 with the same killing activities (Fig. S3) . Here, LIVE/DEAD staining was used for the assessment of cell viability instead of c.f.u.-based determination. After the addition of the same killing activities of colicin D or colicin E3, cells were sampled every 30 min and then subjected to LIVE/DEAD staining (Fig. 3a) . The proportion of live cells showing green fluorescence rapidly decreased during the first 30 min after the addition of colicin E3, and thereafter they gradually decreased until they accounted for almost half of the total number of cells. The viability of cells treated with colicin D also gradually decreased during the experimental period. However, a higher percentage of live cells (green fluorescence) was maintained; the green fluorescent cells constituted almost 90 % even after 5 h of treatment. The total cell number increased slightly when colicin E3 was administered for 5 h (approx. 1.4-fold), which was similar to that following administration of colicin D (approx. 1.9-fold) ( , which was enough to induce the bacteriostasis as shown in Fig. 1(a) , and further cultivated for 120 min at 30 8C. Cells were sampled and plated, and the plates were incubated at 42 8C to inactivate tRNA cleavage. Then, c.f.u. were determined, and extent of resistance and viability was calculated. Extent of resistance and viability of each strain was determined as follows: extent of resistance (%) Error bars indicate the standard error of three independent experiments. Statistical significance was determined using Student's t-test. **P,0.05; ***P,0.01. tmRNA Bifunctional RNA acting as both tRNA and mRNA. Enters the A-site of stalled ribosome and adds tag-peptide for degradation to the C-terminal of the nascent peptide Keiler et al. (1996) trans-Translation against tRNA cleavage regulates cell growth translation. We also examined colicin E2, which nonspecifically degrades the chromosomal DNA of sensitive cells (James et al., 1996) ; no bacteriostatic behaviour was observed (data not shown). To investigate whether bacteriostasis depends on the tRNA cleavage, cells were challenged with colicin E5, another type of tRNA-targeting toxin of E. coli. The viability was analysed using LIVE/ DEAD staining, and we found that most of the cells were viable even after 2.5 h of colicin E5 treatment (Fig. 3b) . Viability then decreased within the additional 2.5 h, although higher viability was still maintained than with colicin E3. Considering these results and the previous result for VapC, discussed in detail later, we conclude that tRNA cleavage mediates bacteriostasis, and that its duration differs among tRNA-targeting toxins.
Ribosome recycling and degradation of nascent peptides contribute to bacteriostasis
SmpB and tmRNA are apparently required for bacteriostasis (Fig. 2) . As mentioned, SmpB and tmRNA are involved in trans-translation. In the system, alanylated-tmRNA binds to SmpB and EF-Tu?GTP, and enters the A-site of stalled ribosomes. Release of truncated mRNA facilitates the switch of translation from the mRNA to a short ORF of tmRNA. The ORF encodes a short peptide called a tag-peptide, which is fused to the C-terminal of nascent peptides and facilitates degradation. First, to verify that the bacteriostatic behaviour presented in Fig. 2 was also present in DssrA cells challenged with WT colicin D, DssrA and its parental strain (W3110) were treated with colicin D, and the cell viability was calculated, as shown in Fig. 4(a) . The viability of the DssrA strain did not suddenly decrease. However, the rate of decrease in viability was slightly higher than that observed in the WT cells with colicin D at each time point, and the difference was 36 ng colicin E3 ml 21 (white bars), and cultivated for 2.5 and 5 h at 37 8C. Viabilities at each time point were then analysed, as shown in (a). Amounts of each colicin to be added were determined by the killing activity, as shown in Fig. S3 . Error bars indicate the standard error of three independent experiments. Statistical significance was determined using Student's t-test. *P,0.1; **P,0.05. 
(a) Fig. 4 . Analysis of the contribution made by trans-translation mediated by SmpB and tmRNA to bacteriostasis. (a) DssrA (white bars) or its parental strain (E. coli W3110; black bars)) was challenged with 8 mg colicin D ml 21 at 37 8C, and cell viability at each time point was determined by LIVE/DEAD staining, as shown in Fig. 3(a) . (b) Viability of DssrA cells harbouring pMW118 (empty vector; white bars), pMWssrA (black bars), or pMWssrA-DD (grey bars) exposed to 8 mg colicin D ml 21 for 5 h at 37 8C was determined as shown above. Error bars indicate the standard error of three independent experiments. Statistical significance was determined using Student's t-test. *P,0.1; **P,0.05.
pronounced after 3 h of colicin D treatment. In that case, the rates of increase in the number of WT and DssrA cells were almost identical (1.9-fold) (Fig. S5, right panel) . Thus, the maintenance of cell viability was confirmed to depend on the activity of tmRNA. Next, restoration of cell viability by the complementation of ssrA was examined. Here, besides pMWssrA encoding WT tmRNA, we used pMWssrA-DD, which expresses the tmRNA variant, tmRNA-DD. The tagpeptide encoded by tmRNA-DD contains Asp-Asp (DD) at the C-terminal instead of Ala-Ala (AA), and it is not recognized as a degradation signal (Nakano et al., 2001) . Thus, it enabled us to evaluate the requirement of nascent peptide degradation for bacteriostasis. DssrA cells expressing tmRNA or tmRNA-DD were challenged with colicin D for 5 h, and the viability was analysed (Fig. 4b) . Expression of WT or tmRNA variant maintained higher viability compared with that of cells harbouring an empty vector (pMW118), indicating that both types of tmRNA contribute to bacteriostasis. Additionally, DssrA cells with WT tmRNA maintained higher viability compared with that with tmRNA-DD, showing that nascent peptide degradation also contributes to bacteriostasis. The fold changes of total number of cells harbouring pMW118, pMWssrA and pMWssrA-DD were about 1.7, 2.9 and 1.9-fold, respectively.
DISCUSSION
In this study, we showed that E. coli cells are not immediately killed by tRNA cleavage; rather, they enter a bacteriostatic state. We first showed that c.f.u. of sensitive cells remained constant during at least 4 h of ts colicin D treatment (Fig. 1a) . Turbidity measurements of a liquid culture are often used to evaluate cell growth. However, they appear to be unsuitable for assessing the survival rate, since turbidity does not decrease unless dead cells are lysed; cell lysis is not observed in cells treated with nuclease colicins such as colicins D, E3 and E5. Therefore, we first adopted the strategy of c.f.u. determination with ts colicin D for measurement of cell viability against tRNA cleavage. The activity of colicin D (Y609N) showed temperature sensitivity, because it did not produce a halo at the non-permissive temperature (42 uC). We have previously shown that the 611th histidine residue of colicin D (His611) serves as a catalytic residue (Tomita et al., 2000) . Moreover, the crystal structure of D-CRD complexed with ImmD has been determined, and Tyr609 and His611 are located in close proximity to each other on the same a-helix (Graille et al., 2004; Yajima et al., 2004) . This suggests that the catalytic core surrounding His611 collapses at 42 uC in ts colicin D, which results in the temperature sensitivity.
Although the activity of colicin D (Y609N) is actually lower than that of WT colicin (Fig. S2) , its RNase activity was sufficient for complete depletion of tRNA Arg ICG (Fig. 1b) . The static behaviour is not a phenomenon specific to ts colicin D, but is also observed in cells exposed to WT colicin D, as confirmed by determining the viability of cells challenged with WT colicin D using LIVE/DEAD staining (Fig. 3a) . Bacteriostasis was also observed in cells with colicin E5, which cleaves specific E. coli tRNAs as colicin D does, but not with colicin E3, an RNase that cleaves rRNA to inactivate ribosomes (Fig. 3b) . However, the duration of the bacteriostatic state differed between colicins D and E5; this may be due to the difference in the species of tRNA to be cleaved by colicin D and colicin E5. We also confirmed that colicin E2, a DNase-type colicin, did not induce the bacteriostatic state (data not shown). Winther & Gerdes (2011) reported that VapC, produced by Shigella flexneri and Salmonella enterica, cleaves an initiator tRNA fMet at the 39 end of the anticodon loop, the same position cleaved by colicin D (Winther & Gerdes, 2011) . VapC is encoded along with its cognate inhibitor, VapB, in the vapBC locus, which is known as the locus for a toxin-antitoxin system (TA system). It has been shown that E. coli cells ectopically expressing VapC cease growing, and that growth is rapidly restored after expression of VapB (Winther & Gerdes, 2011) . Therefore, tRNA fMet cleavage by VapC was concluded to be bacteriostatic. Although the role of tRNA fMet , which triggers the initiation of translation, differs from that of elongator tRNAs, such as tRNAs cleaved by colicins D and E5, the conclusion obtained from VapC is consistent with our results shown here. Taken together, these results show that tRNA cleavage in prokaryotes induces bacteriostatic state.
SmpB and tmRNA significantly contribute to maintaining bacteriostasis, because viability against tRNA cleavage is decreased in cells lacking each of these factors (Fig. 2) . tmRNA, also known as 10Sa-RNA, is a unique RNA molecule that acts as both tRNA and mRNA, and is recruited to the A-site of ribosomes stalled on mRNA. After the entry of tmRNA, translation is switched from mRNA to the ORF on the tmRNA, and a short peptide tag, which serves as a degradation signal, is added to the nascent polypeptide. The stalled ribosome then terminates translation, and nascent polypeptides are degraded. Garza-Sánchez et al. (2008) reported that mRNA within the ribosomal A-site is cleaved in amino acid-starved cells. In the report, the mRNA cleavage and following peptide-tagging were also observed as a response to tRNA cleavage by colicin D. This indicates that tmRNA is recruited to the A-site of ribosomes after tRNA Arg cleavage, where it mediates peptide tagging. These observations, combined with our results, indicate that the ribosome rescue system mediated by SmpB and tmRNA contributes to maintaining bacteriostasis challenged by colicin D. Our results showed that colicin E3 did not induce the bacteriostatic state (Fig. 3) . It is possible that ribosome arrest induced by tRNA cleavage is similar to that by amino acid starvation, which can be imagined from the previous work (Garza-Sánchez et al., 2008) . If this is correct, cells are able to resist tRNA cleavage by an inherent cellular response: transtranslation induced by amino acid starvation. Cells may not possess the mechanisms to resist rRNA and chromosomal DNA cleavage by colicins E3 and E2, respectively, and trans-Translation against tRNA cleavage regulates cell growth fail to enter bacteriostasis. It is interesting that the contribution to bacteriostasis made by the other two ribosome rescue systems that accompany ArfA or YaeJ (ArfB) is lower than the contribution made by trans-translation (Fig. 2) . The trans-translation system is widely distributed among bacteria, as the genes for tmRNA and SmpB have been identified in almost all of the bacterial genomes sequenced (Keiler, 2015) . On the other hand, ArfA is known to be a backup system of trans-translation, as it is only expressed when the trans-translation system does not function properly (Chadani et al., 2011a; Garza-Sán-chez et al., 2011) . Additionally, the DarfA DyaeJ doubleknockout strain was not as defective in growth as the individual DarfA and DyaeJ strains under normal growth conditions, showing that trans-translation can compensate for the defect of the DyaeJ strain (Baba et al., 2006; Chadani et al., 2011b) . Taken together, trans-translation is also the main system of ribosome rescue in cells whose tRNA is cleaved. Moreover, as shown in Fig. 4(b) , cells expressing WT tmRNA, which facilitates degradation of nascent peptides, maintain higher viability than those expressing tmRNA-DD. These results raise the possibility that maintenance of bacteriostasis partly depends on the degradation of nascent peptide chains emerging from the stalled ribosomes; note that ArfA and YaeJ do not induce the degradation. Nicked tRNA Arg is not degraded, as the cleaved half was easily detectable by Northern hybridization (Fig. 1b) . It has been proposed that structurally defective tRNA is polyadenylated and then degraded (Deutscher, 2006) , suggesting that nicked tRNA Arg maintains its tertiary structure. Therefore, it is possible that nicked-tRNA Arg and tmRNA scramble for the A-site, as indicated by Garza-Sán-chez et al. (2008) .
TA systems, including VapBC, have long been known to be bactericidal factors. However, they are presently considered to be part of the apparatus required for fitness under stress conditions (Cook et al., 2013) . A portion of vapBC transcription has been reported to be thermalstress-inducible, and depletion of the vapBC locus increases the heat sensitivity of Sulfolobus solfataricus (Cooper et al., 2009) . This stress response induced by tRNA cleavage was thought to be a result of decreased cell growth, to adapt to stress conditions. Considering these findings, it is possible that tRNA cleavage itself does not naturally serve as a means to kill other cells, but instead acts as a regulation factor of cell growth; this may be achieved by host cells possessing both an effector factor (tRNA-targeting RNase) and a specific inhibitor. Ancestors of colicins E5 and D, and possibly other unknown tRNA-targeting toxins, have taken an effector factor as a weapon. In this sense, they adopt the cognate inhibitors to shield the producing cells from these colicins. As shown here, colicins D and E5 cannot induce sudden death by tRNA cleavage. Instead, the sensitive cells enter the bacteriostatic state, and the masses of colicin D-and E5-producing cells propagate during this period; not all cells are lysed after the induction of colicin production. It seems that cells do not need to kill other cells in a competitive relationship in the same niche to be dominant, and bacteriostasis might be enough to gain the physiological advantage. This idea allows an alternative interpretation of the role of PrrC, which is encoded by an optional prr locus in some E. coli strains (Kaufmann, 2000) . PrrC is a naturally latent form, with a type Ic DNA restriction endonuclease EcoprrI. When the T4 phage infects prr + E. coli cells, a T4 phage-encoded Stp peptide inhibits the activity of EcoprrI. In turn, the Stp peptide activates PrrC, and the PrrC cleaves tRNA Lys of host prr + E. coli cells, which is believed to induce cell death. This has been thought to represent self-sacrifice of prr + cells, to prevent further propagation of the T4 phage. Although this is actually beneficial from the viewpoint of a cell mass, the suicide action of prr + cells seems not to fit for unicellular organisms. Together with our finding, a possible explanation is that prr + cells cleave their own tRNA and enter a bacteriostatic state to endure the phage infection; this is not a self-sacrifice phenomenon. However, prolonged tRNA cleavage will eventually induce cell death, as the c.f.u. of cells treated with colicin D does decrease (Fig. 1a) . Alternatively, they may enter into an unusual phase, such as VBNC described above; cells in the VBNC state will never form colonies. As mentioned above, it is necessary to control the tRNA cleavage activity of PrrC and VapC in order to enter the regrowth phase, and therefore VapC has a specific inhibitor, VapB. Although PrrC does not have a cognate inhibitor, it is quite unstable in a cell, which might be capable of abolishing the tRNA cleavage activity (Morad et al., 1993) .
A phenomenon referred to as contact-dependent growth inhibition (CDI) has previously been reported (Aoki et al., 2005) . It is a method of cell growth regulation accompanied by direct cell-to-cell interaction. CDI is mediated by the two partner secretion proteins CdiA and CdiB; the C terminus of CdiA (CdiA-CT), which includes a toxic effector domain, is delivered to target cells for growth regulation (Hayes et al., 2014) . The activity of CdiA-CT can be categorized into several types, including one utilizing RNase activity. Among these, CdiA-CT from the uropathogenic E. coli strain 536 (UPEC536) cleaves the anticodon loops of tRNAs (Diner et al., 2012) . Moreover, CdiA-CT of UPEC536 is required for biofilm formation. Based on our results, UPEC536 cells might regulate the growth of other cells via tRNA cleavage, yielding new insight into cell-cell communication.
